. Perhaps one of the most significant features of this system is that it lends itself to comparison with in vivo transport across the skin. It is curious, therefore, that few investigators have taken advantage of this point. In fact, the great majority of studies on isolated frog skin have been done under highly unphysiological conditions (Ringer solution bathing both sides, and short circuited).
Of course, there are valid reasons for studying the skin under these conditions, and the results have contributed substantially to the understanding of the general process of active transport. There remains, however, the task of reconciling these studies with those obtained under more "natural" conditions. The skin of an intact frog living in a pond is bathed on the epidermal surface with a very dilute solution of ions (< 1 mM NaCl), is supplied with blood, and is subject to the integrative forces of the endocrine and nervous systems. The last two items complicate interpretation of experiments on intact animals because one is never sure that a given treatment produces a primary or secondary response at the level of the skin. In many cases this can be established by performing parallel experiments on isolated skins, provided controllable variables are comparable. In the previous report we established that intact R. pipiens actively absorb Cl-across the integument, a capacity apparently shared with many other anurans (11, 27) . This paper will show that isolated skin of R. pipiens, when studied under comparable conditions, retains the ability to actively transport Cl-inward.
The transport system will be quantitatively characterized relative to various modes of ion movement across the skin, and the effects of temperature, ionic composition of the external medium and several drugs will be described.
MATERIALS AND METHODS
Animals. Frogs were purchased from commercial sources in Wisconsin throughout the year. They were kept, unfed, at room temperature (2 123°C) in bins with free access to water. They were used within 3 wk of arrival.
Preparation of skin. After double pithing the frog, the skin of the thigh from each leg was carefully removed. Each skin was spread over the opening of a plastic tube and tied in place with elastic thread. The area was 5.30 cm2. The inside of the skin faced the inside of the tube. The outside of the skin was rinsed with distilled water, the inside was a modified Ringer solution consisting of 90 mM NaCl, 1.6 mM KC& 0.72 mM CaCl2 , and 1.9 mM NaHCO3
. The tubes were clamped in a vertical position so that the epidermal side of the skin could be immersed in a beaker containing the desired solution (lo-20 ml). The inside was bathed with 3-4 ml of Ringer solution. The solutions were aerated with a gentle stream of moist air.
Potential measurements. The potential difference across the skin (TEP) was measured by connecting a bridge (100 mM KCl, 3 % agar) between the inner solution and a calomel half-cell.
Another bridge connected the outer solution to the other calomel half-cell, and the PD was measured on a recording potentiometer. Potentials were usually measured at the midpoint of the experimental period. The bridges were in place only during the l-2 min required to measure the potential.
Fluxes. Fluxes of ions were measured by adding the appropriate isotope to one side of the skin and measuring its rate of appearance on the "cold" side. Experiments were arranged so that specific activity on the "hot" side did not change appreciably over the experiment and backflux of isotope was negligible.
The latter problem is critical when the outer bath is very dilute. In this case the volume of the bath was high (So-100 ml). The bath was then concentrated by evaporation under alkaline conditions. Radioactivity was measured by liquid scintillation with appropriate corrections for quenching and background. In a few cases Na+ and Clfluxes were measured simultaneously using 24Na and 36C1. Samples were counted twice with 10 days intervening to separate the isotopes. Table 1 shows mean values for "pooled fluxes" and PD's and the correlation coefficients for the matched skins. These highly significant correlations also justify using matched skins to study the effects of various treatments on each of the parameters under consideration, one skin serving as the control, the matched skin as the experimental. Table 2 shows the fluxes of chloride across skins bathed on the inside by Ringer and on the outside by dilute solutions of NaCl, KCl, or choline chloride (ChCl). The observed flux ratio is the mean of observed flux ratios of matched skins. The calculated ratio is based on the flux ratio equation (33) The flux ratio criterion assumes no convective movement of the ion in question, a condition possibly not satisfied in our experiments or in nature. At 23°C the net osmotic flow of water across frog skin bathed on the outside by 1 mM NaCl is about 8 ~1 crns2 h-l (unpublished data). The upper limit for the convective flux of Cl-from a 1-mM Cl solution would therefore be about 8 nmol crnw2 h-l, which is less than 10 % of the observed influx. This was confirmed experimentally.
Jyi for skins bathed on the outside with 0.5 mM KC1 plus 180 mM mannitol was 118 =t 56 nmol cme2 h-l and the efflux was 116 rfr 22 (n = 4). These values are not significantly different from those obtained in the presence of an osmotic gradient.
It is apparent that the observed flux ratios shown in Table  2 and noted above are lower than the corresponding calculated values, and the difference cannot be attributed to osmotic drag of solute. There must be additional forces acting on Cl-as it moves through the membrane.
We therefore set out to analyze the fluxes in more detail. The fluxes of a specific ion across an epithelium can be partitioned into several components. As already noted, it is possible to measure influx (J in) and efflux (Jo) with radiotracers; the difference between the two is the net flux (Jnet)= The influx can be subdivided into a diffusive component
, and a "carrier-mediated" component (o J in). In turn, c J in consists of exchange diffusion (E J in) and active transport (A J in) SO that the influx can be represented as the sum of four components:
We have already shown that 0 s J in is small. In order to evaluate A J in , it is necessary to estimate E J in and nJ in .
There are various ways to do this, none completely satisfactory.
Generally, exchange diffusion is revealed if Jo changes with external concentration of the ion in question. Table 3 shows that Jocl to 1 mM NaCl or 1 mM KC1 is higher than to 0.5 mM Na2S04 or 0.5 mM K&S04 , respec-tively. The differences are highly significant on a matchedskin basis. It is possible that the change in Jocl reflects a change in those physical characteristics of the epithelium which determine passive permeability (i.e., shunt pathway), and these may change with external concentration.
We excluded this possibility by measuring urea efflux (Jo"') along with Jo" as described by Mandel and Curran (25) . Urea efflux was the same whether the external bath was low in Cl (<O.Ol mM) or contained 1 mM Cl (Table 3) . We conclude, therefore, that there is an exchange component which constitutes about 40 % of the total efflux from 1 mM KC1 (or about 24 nmol cm -2 h-l) and about 70 % of the efflux to 1 mM NaCl (about 40 nmol crne2 h-l). By definition, exchange diffusion is the same in each direction, and from Table 2 we estimate that roughly 36 % of J in from dilute KC1 is exchange diffusion and about 50 % from dilute NaCl. The diffusive influx can be estimated from the equation:
which leaves the problem of relating Jocl to nJocl. The isotopically measured efflux (Jo") can be partitioned into three components :
The EJoC1 is exchange diffusion, as noted above; DJocl is diffusive loss; and s Jocl is a "remainder" which may be related to secretion of mucus. 
where Pc~ is the permeability constant (cm/s) of the skin based on diffusive efflux, V is the transepithelial potential difference (V) with the sign of the inside solution, Ci, is the concentration of Cl-(mol/cm3) in the inside solution. The possible effect of PD on skin permeability deserves comment. Mandel and Curran (25) observed that the permeability of frog skin to urea was unaffected by hyperpolarizing I'D's (inside +) but increased with hypopolarizing PD's. Under our experimental conditions (very dilute outer solution), we could not detect a difference in Jo"' between skins clamped at -45 mV (inside) and +45 mV. The ratio was 0.96 rt 0.12 (negative/positive; n = 7 pairs). Table 4 shows the effect of PD on Joe1 to dilute solutions of KzSOd and KCl. With K2S04 outside, there can be no exchange diffusion, and if P c1 is constant the constant field equation predicts that J ool should decrease by a factor of 6 when the PD is shifted from -45 to +45 mV (sign inside). We observed a decrease in Jo ' l slightly lower than this. One would expect a lower ratio if there is PD independent secretion. These data indicate that this component is relatively small, probably less than 10 % of the efflux. In both KC1 and NaCl there is a well-defined active transport of chloride in the inward direction. The results in Table 2 indicate that Jyi is higher when Na+ is present in the outer solution, but these data were collected from different groups of animals and thus are of questionable reliability. We therefore measured Jyi on matched skins, one bathed on the outside by 0.6 mM KCl, the other by 0.6 mM NaCl. The ratio (KCl/NaCl) was 0.80 =t 0.06 (n = 11 pairs). Thus about 20 % of the influx is Na dependent.
When Na+ is present, the Na+ and Cl-transport systems apparently operate in parallel.
We measured Jyna and Jyl simultaneously on skins bathed on the outside with 0.8 mM NaCl and on the inside with Ringer.
The mean value for J ma was 175 =t 6 nmol crnm2 h-l (n = ZO), which is significantly higher than J$ The correlation between Jp and JyA was not significant (r = 0.26 zfr: 0.14, P > 0.05). Jyi is not correlated significantly with V(r = 0.02 zfi 0.15, P > 0.05); JT is correlated with V(r = 0.47 & 0.15, P < 0.05). We have not analyzed the components of Naf fluxes. Most of the remainder of this report will deal with chloride and more specifically with factors which affect JyL. Generally, the temperature coefficient of metabolically linked processes, such as active transport, is higher than for physical processes such as diffusion. The Qlo for JyL (15-23°C) was 2.68 + 0.42 (8) while the Qlo for Jocl was 1.10 zfi 0.20 (8).
Further evidence that part of the influx of Cl occurs by carrier-mediated, metabolically dependent transport is provided by studies with various drugs (Table  5 ). In all cases the skins were incubated in the presence of the drug for 30 min before beginning flux measurements. Amiloride, NaS(CN)2, and pentobarbital were added outside; all other compounds were added inside. Sodium cyanide, dinitrophenol, and iodoacetic acid block various steps in the energy-generating system within cells. In all three cases the calculated flux ratio/observed flux ratio was significantly lower than for corresponding controls (P < 0.01; matched skins), indicating a suppression of active Cl-transport. Thus, Jp (for J? > acetazolamide/control = 1.19 & 0.04, n = 5, and NaSCN/control = 0.82 rt 0.11, n = 9). Garcia-Romeu et al. (11) observed a marked decrease in net Cl-uptake into intact Calyptocephalella gayi when choline pentobarbital was added to the bath. In isolated skins, under our experimental conditions, we could not detect an effect of sodium pentobarbital on Cl-fluxes. It is noteworthy that we adjusted the pH of the bath to 7.6, whereas in their experiments the pH was over 8. Table 6 shows that I-added outside inhibits JyA to an extent dependent on I-concentration. It has no effect on V, (Fig. 2) . In this case, the inner solution becomes more electropositive by 28 mV per decade increase in [NaCl] ., as shown in Fig. 3 . One would expect an increase in JyJ, since PJyi, EJyi, and dyi should increase with increasing [Cl-lo. However, because BJyi and J y: reflect a saturable process, the curve should break downward, which is clearly not the case. Furthermore, PJoc l should decrease with increasing [Cl-] o, a trend that is indicated below about 6 mM Cl-. However, there is a distinct break in the curve above this concentration, indicating a change in &I or in the characteristics of carriermediated Cl-transport. Figure 4 shows that Jo"' increases with [NaCl] o, indicating an increase in passive permeability of the skin. A shift in [NaCl] o from 1 to 20 mM causes about a threefold increase in Jo"' and an eightfold increase in J c1 The potential increases by a factor of 2 (So-100 0 * mV inside positive).
It seems unlikely that the increase in chloride exchange can be accounted for entirely by a change in &I. There may be a marked increase in exchange diffusion similar to that observed across gills of fishes transferred from freshwater to seawater (27). It is noteworthy that Mandel and Curran (25) were able to account for an increase in Jo' l across frog skin associated with elevation of [NaCl] o from 20 to 112 mM to a change in &I.
DISCUSSION
The primary reason for undertaking this study was to characterize an epithelium which actively transports chloride and which can be studied in vivo and in vitro. Under the experimental conditions described, the frog skin lends itself very well to such studies. Data can be expressed in the same units (quantity-area-l-time-l), and the flux values under in vivo and in vitro conditions are remarkably similar. Thus in intact frogs in a steady state, Cl-fluxes are about 50 nmol crne2 h -l. The efflux across isolated skin bathed on the outside by dilute NaCl is about the same. The influx is higher in vitro (about 100 nmol cmW2 h-l) but certainly within reasonable limits, particularly when compared against fluxes across isolated frog skin bathed on the outside by Ringer solution in which fluxes are 5-l 0 times higher.
Each of the fluxes across the skin can be partitioned. Perhaps the most striking thing revealed by this study is that the diffusive component is low. The carrier-mediated component of JyL displays saturation kinetics. The affinity (l/K,) of the system for Cl-is higher in vivo than in vitro (K, = 0.3 mM in vivo and 0.7 mM in vitro).
Presumably the affinity could change by removal of the skin and mounting, particularly since there is some stretching of the skin upon mounting. The capacity term (V,,,> was higher in vitro (ZOO nmol crnp2 h-l, versus about 50 nmol cm-2 h-l in vivo). We have not pursued the basis for this, but an interesting possibility is that under in vivo conditions a fraction of the transport sites are inactive and when the skin is removed the suppressive mechanism is removed. It is also possible that the distribution of Cl-transport sites in the skin is not uniform. The in vivo studies reflect an average, whereas in the leg skin the distribution could be more dense. The active transport of Cl-across animal membranes is not as widespread as that of Na+. Nevertheless, it has now been found in a number of epithelia from a wide variety of organisms.
The distribution has been reviewed elegantly by Keynes (15) . The question of the extent of similarity between systems immediately arises. One noteworthy point of dissimilarity is the degree of dependence of JyA on the presence of Na+ in the outside bath. In the gallbladder of fish and rabbit (5) and in the small intestine of Cottus, a marine fish, the coupling is very tight (12). In urinary bladder of the freshwater turtle Chrysemes (2) and in brush border of ileum of rabbits (28), about 20 % of JyA is coupled to Na+. In gills of fish and larval anurans, the interdependence is very low or nonexistent (6, 14 Cl-movement across the brush border of rabbit ileum is inhibited by theophylline, while Na+-independent Cl-transport is not (10). This drug also inhibits phosphodiesterase.
We have not studied this in frog skin.
Ouabain inhibits Na+ transport across frog skin (19) by blocking the transport system situated in the inner surface of the epidermis (34). It also reduced Jyi by about 20 %, which agrees very well with the magnitude of the Nadependent component of JyJ. This may indicate that the Na-dependent component is associated with the inner membrane. It is interesting that ouabain inhibits a much larger share of JyJ across skin of Leptodactylus bathed on both sides by Ringer solution (35). Amiloride also inhibits active Na+ transport across frog skin in vitro (7) and in vivo (17). In this case the inhibition is at the outer barrier of the epidermis (1). We detected no effect on inward Cl-transport in isolated skins, and none has been observed in vivo (17).
The route of inward penetration of Cl-across the frog skin remains obscure, but there is evidence that an active step occurs at the 'Couter barrier" of the transport cells. Specific "Clcells" have not been identified, and the activity of Cl-in epidermal cells is not known. The concentration of Cl-in isolated epidermal cells is about 50 mM (36) l Under physiological conditions the transepithelial potential difference is about 30 mV with the coreum side positive. This TEP represents the difference between the transmembrane potentials across the inner barrier and the outer barrier.
The inner barrier is a K+ electrode (34). Intracellular K+ concentration has been estimated at about 100 mM (36), and K+ concentration in our Ringer solution is about 1.6 mM. The potential across the inner membrane should be around 100 mV with cell fluids negative. The potential across the outer membrane should therefore be around 65 mV cell fluid negative. Thus, in all probability, movement of Cl-from an outer bath of 1 mM Cl into the ALVARADO, DIET& AND MULLEN sodium-chloride influx across the brush border of rabbit ileum.
